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Fifty-five healthy medium-sized dogs were divided into four groups; young (1-3 years old, n = 14), adult (>3 to 6 years old, n = 12), old (>6 to 9 years old, n = 14) and senile (>9 years old, n = 15). After routine orchiectomy, testes were collected, and the degree of white streak areas on cut surfaces was subjectively assessed. Later, testicular tissue sections were stained with haematoxylin and eosin and Masson's trichrome for evaluation of germ cell degeneration and the proportion of interstitial connective tissue, respectively. Semiquantitative severity scoring of germ cell degeneration and quantitative analysis of spermatogenic cells for spermatic index (SI) and Sertoli cell index (SEI) was performed. The score of white streak on cut surface area of the testes increased with age, being higher (p < 0.05) in senile dogs than other age groups; no difference was found between adult and old dogs. The proportion of testicular interstitial fibrosis was highest (p < 0.05) in senile dogs. Positive correlations between age and white streak area (rho = 0.77, p < 0.01) as well as age and interstitial fibrosis (rho = 0.63, p < 0.01) were observed. The severity of germ cell degeneration gradually increased with age and differed among age groups (p < 0.05). Age positively correlated with atrophy of seminiferous tubules (rho = 0.93, p < 0.01). The SI was lower (p < 0.05) in senile dogs compared to other age groups, and SI was not different among young, adult and old dogs. Conversely, SEI was significantly higher in senile dogs compared to young, adult and old dogs. A negative correlation between age and SI (rho = −0.69) and a positive correlation between age and SEI (rho = 0.68) were significant (p < 0.01). In conclusion, influence of age on testicular interstitial fibrosis and germ cell degeneration/depletion were pronounced in dogs over 9 years old.
K E Y W O R D S
ageing, dog, fibrosis, seminiferous tubule, testis in the ageing male reproductive tract, resulting in altered testicular function, semen quality and fecundity (Sampson, Untergasser, Plas, & Berger, 2007) . Unlike humans, who experience a decline of serum testosterone levels with ageing, studies have showed that neither the circulating testosterone levels in the dog (Berry, Coffey, & Ewing, 1986; Lowseth, Gerlach, Gillett, & Muggenburg, 1990) nor the expression of androgen receptors in the canine testis is affected by ageing.
Testicular interstitium, a space separating each seminiferous tubule, is formed by peritubular and intertubular connective tissue, in which the principal cells are steroidogenic Leydig cell (Kretser & Kerr, 1988) . Collaborations between interstitial cells and extracellular matrix are important for testicular functioning. Increased connective tissue accumulations in the testis leading to severe fibrosis have been proposed to adversely affect spermatogenesis (Barth et al., 2008) , and myoid cells are suggested to play an essential role in the progression of testicular fibrosis (Fukuda et al., 2001 ).
Evaluation of spermatogenic activity using histological sections of seminiferous tubules or testicular fine needle aspiration cytology and semen evaluation are used to help diagnose male infertility and classify males with varying degrees of testicular failure (Dahlbom, Makinen, & Suominen, 1997; Papic, Katona, & Skrabalo, 1988) .
Spermatic index (SI) and Sertoli cell index (SEI) have been used to assess spermiogenic and spermatogenic activity, respectively (Papic et al., 1988; Schenck & Schill, 1988) . The SI is used to estimate the efficacy of the final maturation process and spermatogenesis (Papic et al., 1988) , while the SEI is used to estimate the tubular germ cell potential (Foresta & Varotto, 1992) . The amount of Sertoli cells per unit length constantly exists throughout all stages of seminiferous tubule epithelium (Foote, Swierstra, & Hunt, 1972; Wing & Christensen, 1982) which allows the evaluation of SEI, not only to help the interpretation of the cytologic results but also to estimate the tubular germ cell potential (Foresta & Varotto, 1992) . The purposes of this study are (a) to investigate how senescence affects interstitial fibrosis, germ cell degeneration and atrophic tubules in the canine testis, and (b) to quantify the SI and SEI in dogs from postpuberty to advanced age.
| MATERIAL S AND ME THODS

| Animals and tissue collection
Both testicles were obtained from 55 client-owned adult dogs undergoing routine orchiectomy for population control, unwanted behaviour, benign prostatic hyperplasia, perianal adenoma or perineal hernia. Dogs having cryptorchidism or any scrotal/testicular diseases were excluded. Medium-sized dogs (10-23 kg; Goldston, Mosier, & Krawiec, 1989) were used in this study. Animals were of different breeds including mongrels (n = 22), Siberian husky (n = 9), Beagle (n = 7), Corgi (n = 5), English Bulldog (n = 3), Japanese Spitz (n = 3), Thai Bangkaew dog (n = 2), Thai Ridged back (n = 2), Standard Poodle (n = 1) and Shiba Inu (n = 1). Animals were divided into four age groups: young (1-3 years, n = 14), adult (>3 to 6 years, n = 12), old (>6 to 9 years, n = 14) and senile dogs (>9 years, n = 15; Bhanmeechao et al., 2018) . The Ethical Committee for Animal Use of Faculty of Veterinary Science, Chulalongkorn University, approved the research protocol (Number 1631034). The mean ± SEM and range of animal's age and body weight of the four age groups are shown in Table 1 .
After orchiectomy, the testes were kept in 0.9% (w/v) normal saline solution at room temperature and transported to the laboratory immediately. Within 10 min after orchiectomy, cauda epididymidis, testicular capsule and vas deferens were dissected from the testes, and tissue samples were fixed separately in 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS) for 48-72 hr, then stored in 70% ethanol, embedded in paraffin wax and sectioned at 4 μm thick on glass slides. Both testicles from each dog were assessed for all parameters studied including the degrees of interstitial fibrosis, the severity of germ cell degeneration and quantitative analysis of spermatozoa and Sertoli cells.
| Evaluation of testicular fibrosis
The degrees of interstitial fibrosis were assessed by gross examination and histopathology. Macroscopically, each testis was sliced in sagittal plane, and cut surfaces were observed for the degree of testicular fibrosis (Teankum et al., 2013) . White areas on cut surface of the testicular parenchyma were graded as normal (score 1; undetectable white areas), mild fibrosis (score 2; a small white streak, >0% to 25%), moderate fibrosis (score 3; a few areas, >25% to 50%) and severe fibrosis (score 4; prominent multifocal white areas, >50%; Old (n = 14) 7.3 ± 0.1 7-8 15.4 ± 1.7 9.5-24
Senile (n = 15) 11.4 ± 0.7 9-18 16.3 ± 1.6 9-24 TA B L E 1 Mean ± SEM and range of age and weight of four age groups (n = 55) described previously (Ponglowhapan, Church, & Khalid, 2008) . In addition, age-related alterations in fibrosis of cauda epididymidis, testicular capsule and vas deferens were also examined. In this study, blue areas were referred to as stained fibrous connective tissues. Representative images for blue-stained fibrous connective tissue in the testes of different age groups are shown in Figure 2 . To evaluate the proportion of blue-and red-staining areas, tissue sections were scanned by whole-slide digitalization (Pannoramic Scan, 3DHISTECH, Budapest, Hungary), and twenty areas (1 mm 2 ) were randomly selected and evaluated by colour image analysis software (PatternQuant, 3DHISTECH, Budapest, Hungary). The mean proportion (%) of the area stained blue and red within the same image was calculated (Ponglowhapan et al., 2008) .
| Germ cell degeneration and atrophy of seminiferous tubule
Testicular tissue sections were stained with haematoxylin and eosin (H&E) and examined under light microscopy (magnification 200×) for the severity of germ cell degeneration using semi-quantitative assessment of the characteristics of (a) hypospermatogenesis and (b) atrophy/hypoplasia of seminiferous tubules (Goedken, Kerlin, & Morton, 2008; Lanning et al., 2002; Rehm, 2000) . 
| Quantitative analysis of spermatozoa and Sertoli cells
On H&E-stained histology sections, 500 consecutive spermatogenic 
| Statistical analysis
All data were manipulated and statistically analysed using comput- 
| RE SULTS
Fifty-five pairs of testes were observed. All collected samples and surrounding tissues did not show any pathologic inflammatory and/or neoplastic conditions. Of each dog, there were no differences between the testes both macroscopically and microscopically. The scores of white streak areas on cut surface of the testes differed among age groups, The results of cellular quantitative assessment demonstrated significant differences in SI and SEI among age groups ( 
| D ISCUSS I ON
Age-related aspects on morphological changes of the canine testis were clearly demonstrated in this study. Our findings indicated an increase in the proportion of testicular interstitial connective tissue and degenerative changes in testicular germ cells of ageing dogs. In addition, changes in SI and SEI with advancing age suggested that spermatogenic activity is compromised, particularly in dogs over 9 years old.
The degree of fibrosis was evaluated by both macroscopic and microscopic examination. This histochemical trichrome technique has been used to differentiate connective tissues from other tissue components, especially in testicular interstitium (Beltrán-Frutos et al., 2016; Pop et al., 2011) . The proportion of interstitial connective tissue volume in the testes showed no change among young, adult and old animals (1-9 years old). However, a significant increase in the relative volume of intertubular connective tissue was found in the testes of senile dogs. Although, the scoring system of white streaks on testicular cut surface showed differences between young and adult as well as young and old dogs, the proportion of stained connective tissue remained unchanged among these animals. This could be explained by the location and distribution of white streaks on cut surfaces and the site of testicular tissue collection for histological examination. The white streaks were more centred in young, adult and old dogs, compared to senile dogs. In addition, this might be due to the fact that white streak areas were scored subjectively, while the proportions of blue-stained connective tissue were evaluated using colour image analysis software.
Fibrosis is an irreversible change in many organs and pathological conditions. In the present study, increased interstitial testicular fibrosis may partly explain age-related changes in the germ cell degeneration and atrophy of seminiferous tubules. The increased interstitial testicular fibrosis is suggested to have negative effects on the compliance of seminiferous tubules in which many germ cells proliferate and blockage of testosterone diffusion into the seminiferous tubules (Setchell, 1986) . Furthermore, the progression of fibrosis with age causes separation of the germinal epithelium from the blood supply (Paniagua, Nistal, Sáez, & Fraile, 1991) . The aetiologies of testicular fibrosis are multifactorial including mechanical, hormonal, immunologic or any combination of these factors (Shiraishi, Takihara, & Naito, 2002) . The pathogenesis of testicular fibrosis in association with ageing remains unclear. It has been proposed that myoid cells, that lie beneath the epithelium of seminiferous tubules and secrete substances including extracellular matrix in men and experimental animals, are involved in the development of testicular fibrosis (Maekawa, Kamimura, & Nagano, 1996) . Morphological and functional changes of myoid cells together with increased fibrotic tissues in aged equine testis suggest a potential role of myoid cells in pathogenesis of testicular fibrosis (Fukuda et al., 2001) .
The higher accumulation of fibrous connective tissue in cauda epididymidis and testicular capsule of senile dogs may compromise sperm transportation because contractions of the testicular capsule and epididymis involve in the mechanism that propels the nonmotile spermatozoa through the excurrent ducts (Ellis, Groesbeck, Farr, & Tesi, 1981) and increased deposit of fibrotic tissue adversely affects tissue functionality (Dambros, Rodrigues Palma, Mandarim-deLacerda, Miyaoka, & Rodrigues, 2003) .
Concomitantly, a gradual incline in germ cell degeneration and atrophy of seminiferous tubule with age were found in this study.
The findings were more pronounced in senile dogs. Similarly, decreases in the number of germ cells and reduced seminiferous epithelium have been documented in aged humans (Zitzmann, 2013) and dogs (Lowseth et al., 1990) . However, a previous study showed no relationship between ageing and the quality of spermatogenesis in the dog, judged by cellular assessment of the seminiferous tubule (Peters, de Rooij, Teerds, van Der Gaag, & van Sluijs, 2000) . The discrepancy between the findings may be due to different criteria of evaluation or age classification. In the present study, the body size of animals was one of the inclusion criteria because the ages at which dogs become geriatric are different, ranging between 7.5 and 11.5 years, depending on the body size and breed (Goldston et al., 1989 ). Moreover, we were able to include a senile group, and the dogs in this group aged between 9 and 18 years. (Table 2) . In this study, histological evaluation of testicular tissue sections was used and the number of spermatogenic and Sertoli cells was counted per slide. This technique allowed us to examine and quantify cellular components more precisely in a larger area. It is worth noting that in senile dogs SI (19.6 ± 2.0) was lower and SEI (9.4 ± 0.7) was higher than normal values (Santos et al., 2010) . Changes in both indices (SI and SEI) may associate with higher incidence of epididymal sperm defects in senile dogs found in the previous report . In men, decreased SI and increased SEI have been reported in patients with hypospermatogenesis (Foresta & Varotto, 1992) . Age-associated changes in SI, SEI and the quality of dog semen in relation to male fertility would be interesting for further investigations.
In conclusion, our findings suggested that, in ageing dogs, increased interstitial testicular fibrosis is in accordance with degenerative changes in germ cells that accumulate in the lumen of the seminiferous tubule. These alterations were more pronounced in senile dogs aged over 9 years. 
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